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adopted for the WTs.
These strategies commonly introduce the grid frequency differential signal (i.e., df/dt) and the frequency deviation signal (i.e., f ∆ ) into the WT's power control or torque control [5] - [6] . Based on these strategies, the WT's active power output can respond to the grid frequency disturbances, which will release the stored kinetic energy of the rotating mass to support the power grid [7] . Ref. [8] further utilized the df/dt term to design a novel control structure, in which the WT can provide frequency support and positive damping during frequency and oscillation events. In [9] , effects of a droop control strategy, using the f ∆ term to realize the frequency support for the WT, is investigated, and the influence of control parameters on the frequency support capability is particularly discussed.
When these frequency regulation strategies are applied in permanent magnet synchronous generator (PMSG) based WTs, which are connected to the grid via a back-to-back structure with a DC-link capacitor [10] , one major concern is that these strategies can cause fluctuations of the DC-link voltage under frequency disturbances. This voltage fluctuation results from the power imbalance of the DC-link capacitor, which will be particularly analyzed in this paper. Note that this DC-link voltage fluctuation should be prevented as it can lead to the damage of the DC-link capacitor and the failure of the power transmission. However, to our best knowledge, most existing literatures focus on the control design for PMSG-based WTs to improve the frequency support capability [11] , and how to reduce the DC-link voltage fluctuations resulting from these frequency regulation strategies has not been well discussed and designed.
To deal with this problem, a current feedforward control (GCFC) scheme is proposed for PMSG-based WTs in this paper, in which the current signal of the generator-side converter is introduced to modify the current reference signal of the grid-side converter. T the PMSG-based WT can be ensured.
II. CONTROL OF PMSG-BASED WTS
In this section, the basic control structure of PMSG-based WTs is firstly introduced, with the frequency droop control applied for grid frequency support. Then, the implementation of the GCFC is presented. Fig.1 shows an one-line diagram of a PMSG-based WT system connected to a three-phase ac grid, where wind P is the captured wind power, WT P is the generator's power output, g P is the grid-side converter's active power transmitted to the grid, is the PLL frequency output. Note that the active power output of the WT can be controlled via either the generator-side converter or the grid-side converter [12] , and it's chosen to be controlled by the generator-side converter in this paper.
In this way, the MPPT algorithm and the frequency droop control are implemented in the generator-side controller [12] , and the grid-side controller performs DC-link voltage control. The detailed dynamic model of the WT system and the associated converters can be found in [13] . 
A. Generator-Side Converter Control
In the control of the generator-side converter, the frequency droop controller introduces the frequency deviation signal ( f ∆ ) into the active power reference to build a relationship between the generator's power output and the grid frequency, as depicted in Fig.1 . The basic control strategy is ( ) [8] , this paper only utilizes the P controller as a frequency regulation strategy for the WT.
Eqn. (1) shows that the value of
That is, under the grid frequency dips, * WT P will deviate from MPPT P in order to release the kinetic energy stored in rotating masses to support the grid frequency. And under frequency rise, the WT will absorb active power to provide frequency support for power grid. Moreover, the droop coefficient D K can influence the rate of change of active power output under grid frequency deviations, which will be further studied in Section IV-B.
Since the design of the inner current control loop has been involved in many literatures [10] , it is not discussed here due to the limited space.
B. Grid-Side Converter Control
The grid-side converter controls the DC-link voltage within the admissible range in order that the two converters can operate pulse-width modulation (PWM). In this paper, two cascaded control loops are used in the grid-side converter. And this cascade control structure has been studied in many literatures such as [14] and [15] , which is widely adopted for voltage source converters (VSCs) [16] . To be specific, the outer voltage loop controls the DC-link voltage DC V and the converter voltage magnitude g V and the inner current loop regulates the d-axis current gd I and the q-axis current gq I to their references, which can be expressed as: ( )
is the transfer function of the PI controller for the inner current loop.
C. GCFC Scheme
The GCFC scheme is applied in the grid-side controller, as shown in Fig.1 . The basic control strategy is ( )
where ( )
is the transfer function of the PI controller for the DC-link voltage controller, sd I is the d-axis current of the generator-side converter associated with the generator's power output, and F K is the feedforward coefficient.
The GCFC scheme introduces the d-axis current sd I of the generator-side converter to modify the d-axis current reference * gd I of the grid-side converter. The effects of the GCFC scheme on the DC-link voltage fluctuations will be analyzed in the next section.
III. DYNAMIC BEHAVIORS OF PMSG-BASED WTS UNDER FREQUENCY DISTURBANCES

A. Frequency Support From PMSG-Based WTs
In the electromechanical timescale, the generator's power output can be approximated by its reference value * WT P , which is determined by the MPPT algorithm and the frequency droop control. That is, 
where s H is the mechanical inertia constant of the generator. Substituting (1) into (4) yields
Based on Eqn. (5), the WT's operating characteristics under grid frequency deviations can be obtained, as shown in Fig.2 . The detail mathematical expression of wind P can be found in [8] . It can be seen from Fig.2 that under the grid frequency dip, the red solid line, which represents power reference outputted from the MPPT algorithm, will change to the red dash line due to the frequency droop control and the rotor speed r ω will decrease to a new equilibrium, and during the transient process, the PMSG-based WT will release the kinetic energy stored in the rotating mass to provide frequency support to the grid. After the transient process, the WT's active power output in the new equilibrium is less than the original point due to the deviation of WT P from the MPPT curve under the grid frequency dip. On the other hand, under frequency rise, it can be seen from Fig.2 that the WT will experience an acceleration process and absorb active power to provide frequency support for power grid. The rotor speed of the new equilibrium may exceed the admissible range under severe frequency rise, but the pitch angle controller will work to lower the rotor speed in this scenario and prevent from overspeed. The transient responses of the PMSG-based WTG with frequency droop control under frequency deviations will be further verified by simulation results in Section V.
B. DC-Link Voltage Fluctuations of PMSG-Based WTs
The frequency droop control in (1) sets a relationship between the generator's power output reference * WT P and the grid frequency deviation f ∆ , which can utilize the kinetic energy stored in the WT's rotating masses for frequency support. In this way, the generator's active power output WT P will change accordingly under grid frequency deviations. However, the change of WT P will cause the power imbalance of the DC-link capacitor and result in the DC-link voltage fluctuation, since the dynamic equation of the DC-link capacitor in (6) shows that the change of WT P will lead to the change of DC dV dt . Note that in Eqn. (6), DC C is the DC-link capacitor.
Eqn. (6) can be further written as
The DC-link voltage fluctuation will change the PI's output of the DC-link voltage controller i.e., * gd I , as illustrated in Fig.3  (a) . Then, the grid-side converter's power output g P will be changed accordingly (since * g gd P I ∝ holds in steady state, similar to [17] ) to regulate the DC-link voltage as a negative feedback, depicted in Fig.3 (b) . It can be deduced from Fig.3 (a) that the DC-link capacitor act as a buffer to transmit the active power from the generator to the grid, which can cause the DC-link voltage fluctuation in the case of power imbalance. 
C. Suppressing DC-link Voltage Fluctuations by GCFC
The voltage vector of the grid-side converter is oriented at the controller d-axis by applying a conventional PLL [17] , as shown in Fig.1 
To simplify the analysis of the GCFC's effect, we ignore the dynamics of the inner current control loop in the grid-side converter, so there is * gd gd I I = , similar to [17] . Then, substituting (3), (8) 
It can be seen from Eqn. (9) K , which will reduce the DC-link voltage fluctuation. This mechanism is also shown in Fig.3 (b) that the GCFC introduces a feedforward channel in order that the change of WT P will directly cause variations of * gd I , and thus its impact on the DC-link voltage DC V can be compensated.
IV. SMALL SIGNAL ANALYSIS
In this section, the closed-loop transfer function of the PMSG-based WT system is firstly given. Then, the influences of the feedforward coefficient and the droop coefficient on the system's dynamic performance are further studied.
A. Closed-loop Transfer Function of PMSG-based WTs
The small signal model of the PMSG-based WT has been well-established in many literatures such as [18] and [19] . Thus, it is omitted here due to the limited space. The dynamics of the WT system in Fig.1 can be represented by the state space equation in (10)
where X is the state variable vector of the WT system, u is the input signal vector, y is the output signal vector, A is the state matrix, B is the input matrix, C is the output matrix, D is the feedforward matrix. In this paper, the grid frequency deviation f ∆ is chosen as the input (i.e., u f = ∆ ) and the DC-link voltage deviation DC V ∆ is chosen as the system's output (i.e.,
DC y V = ∆
). Then, the closed-loop transfer function of the DC-link voltage deviation can be derived, which is 1 ( )
The dynamics of the DC-link voltage under grid frequency deviations is dominated by the transfer function given in (11) . Therefore, the closed-loop transfer function can be used to analyze the influences of control parameters on the DC-link voltage's dynamic performance, which is particularly studied in the following. [20] . That is, the feedforward coefficient F K has great influences on the DC-link voltage's dynamic performance and increasing F K can suppress the DC-link voltage fluctuation. According to Fig.4 , it can be seen that with the feedforward coefficient F K increase, the infinite norm H ∞ decreases. In order to give a perceptual intuition of the relationship between the feedforward coefficient F K and the infinite norm H ∞ , the fitting curve is depicted as showed in Fig.5 . K , the frequency support capability of the WT is also reduced, which is not desired in practice. Also, the fitting curve is showed in Fig.7 .
B. Influences of Control Parameters
According to Fig.4 and Fig.6 Fig.8 . It can be seen that H ∞ increases with the decrease of D K , and H ∞ decreases with the increase of F K . In practice, the value of D K should be tuned according to the desired frequency support capability of the WT, and a larger value improves the frequency support capability, which can lead to great DC-link voltage fluctuations if 0 F K = (i.e., the GCFC is not applied), as deduced from Fig.8 . This problem can be dealt with by applying the GCFC and increasing F K , since the increase of F K plays a positive role in reducing DC-link voltage fluctuations as shown in Fig.8 . In other words, the GCFC provides an additional degree of freedom to improve the dynamics of the DC-link voltage without reducing the frequency support capability of the WT.
Based on the small signal model of the PMSG-based WT established in Section IV-A, the active power close-loop transfer function can be derived by utilizing the state space (10), which is similar to the deducing process of the DC-link voltage deviation close-loop transfer function (11) . The input of active power loop transfer function is WT P and the output is g P . Therefore, the closed-loop bode diagram can be depicted as showed in Fig. 9 . It can be seen from Fig. 9 that a big resonance peak appears on the amplitude-frequency curve when 0 Assuming that the grid frequency drops at t=1s, which is realized by programing the grid frequency to step from 50Hz to 49.8Hz, the time-domain responses of the PMSG-based WT with different values of D K are given in Fig.10 . Under the frequency dip, the power output g P increases rapidly for frequency support. With the increase of D K , the power output increases to provide more additional power to the grid, but the DC-link voltage fluctuation is also increased, as shown in Fig.10 , which is consistent with the analysis in Section IV-B.
To On the other hand, in order to investigate the frequency support capability of the PMSG-based WT under grid frequency rise, we assume that the grid frequency raises at t=1s, which is realized by programming the grid frequency to step from 50Hz to 50. 
VI. CONCLUSIONS
In this paper, a current feedforward control (GCFC) scheme was proposed for PMSG-based WTs to suppress the DC-link voltage fluctuations under frequency disturbances. Particularly, we analyzed this DC-link voltage fluctuation phenomenon, which is caused by the power imbalance of the DC-link capacitor due to the effects of the applied frequency droop control. The implementation and mechanism of GCFC were discussed in detail. With the GCFC, the DC-link voltage fluctuation can be kept within its admissible range while the desired frequency support capability of the PMSG-based WT can be ensured. Simulation results were presented to test the dynamic performance of the GCFC when the WT is subjected to grid frequency disturbances. 
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